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Overall Project Goal

The god of this project is to develop and demondrate the feasbility of a new technology for
mantenance engineering: a Jug-In-Time Maintenance (JTM) sysem for rotating machines. The
JTM system is based on severd key developments & Texas A&M over the past ten years in
emerging intdligent information technologies, which if integrated into a sngle sysem could
provide a revolutionary approach in the way maintenance is performed. Rotating machines, such
as induction motors, range from a few horse power (hp) to severd thousand hp in sze, and they
are widdy used in nuclear power plants and in other industries. Forced outages caused by
induction motor falures are the reason for as much as 15% - 40% of production costs to be
attributable to maintenance, whereas plant shutdowns caused by induction motor falures result
in daly financid losses to the utility and process industries of $1 M or more. The basic
components of the JTM system are the available machine sensors, that is eectric current sensors
and accelerometers, and the computationa agorithms used in the andyss and interpretation of
the occurring incipient falures The JTM sysgem can reduce the codts atributable to
maintenance by about 40%, and it can lower the maintenance budgets of power and process
plants by about 35%, while requiring no additiond sensor ingdlation. As a reault, the JTM
system can improve the competitiveness of US nuclear utilities at minimal additiona cos.

Summary of Overall Project Approach

As the dectric utility industry is rapidly entering an era of deregulation, the survivd of the
nucdear generating units will highly depend upon their continued profitability. Minimizing and
ultimately diminating unplanned outages, and extending the time period between planned (or
maintenance) outages can greatly enhance the economic performance of a nuclear power plant.
In fact, in order to enhance their profitability some nuclear utilities are dready contemplating to
extend the nuclear fud cycle from 18 months to 24 months. In electric power generation the
falure of criticd equipment like turbines, generators, motors, fans, and pumps costs millions of
dollars in reduced output, emergency maintenance costs, and lost revenues. The utility industry’s
response to this risk has been to invest heavily in preventive, and more recently in predictive,
maintenance. The importance of detecting problems and preventing failure is reflected in the fact
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that in many nuclear power plants 15 - 40 % of production cost is alocated to maintenance.
Maintenance codt is, in fact, one of the highest controllable operationa cost. A more reliable
predictor of the mantenance requirements of criticd machines would save nuclear tilities
hundreds of millions of dollars per year in loss of revenues during downtime, overtime costs
asociated  with emergency repairs, and disupted generation schedules. A Just-In-Time
Maintenance (JTM) system is what is envisoned by our team. Such a breakthrough technology
might, perhgps, enable nuclear utilities to operate a sufficiently high profitability levds for a
compsetitive power market, deferring a further down-turn in the indudtry.

Just-In-Time Maintenance Technology: JTM means taking a piece of equipment off-line for
sarvicing when it needs it, rather than according to a fixed schedule. It is expensve and time
consuming to shut down criticdl machines like motors, generators, pumps, fans and turbines for
maintenance, S0 plant operators would like to be sure that the equipment needs servicing before
they schedule t. Today, maintenance schedules are based on manufacturer’s test data. Of course,
no two mechines are dike, 0 fixed maintenance schedules sometimes result in shutting down a
machine before it redly needsit, or in continuing to operate one that should be overhauled.

Prior federd research funds have been used to develop a novel neurd network, as well as a
neurd network-based application that can detect incipient faults in motor-pumps a very ealy
dages. The purpose of this motor-pump fault diagnods system was to avoid the catastrophic
falure of motors and pumps during power plant operation, and to provide operationad data on
demand to schedule preventive maintenance. Current industry standard diagnostic procedures are
based on expet systems, or datistica sudies that use idedized operaiond parameters as a
guiddine and are ndther adgptable to individud machines nor can they “learn” to identify the
reason that roughly defined operationa parameters have been exceeded. Tests on motor-pump
data show that our agorithms, in fact, are not only able to predict falure with a high degree of
confidence, but can dso provide an operator with specific information as to what is wrong. This
integrated neural network diagnostics system approach may represent a breskthrough in machine
diagnogtics because of the technology’'s ability to “learn” the operationd characteristics of
individua machines, and because the neura network can pinpoint the problem.

Phase 1 Objectives

The objectives of the Phase 1 part of the project, as defined in the origind project proposd, are
asfollows
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1. Adapt the Information Processing Algorithms to Induction Motors: Run and test our
exiging neura networks, wavdes, and fuzzy logic dgorithms on induction motor daa
(6/1/98, 5 months),

2. Adapt the Information Processing Algorithms to Synchronous Generators: Run and test
our exising neurd networks, wavdets, and fuzzy logic agorithms on synchronous generator
data (6/1/98, 5 months),

3. Determine Prototype System Requirements. From the above dgorithm testing, determine
the sensor and channd requirements, and the sampling rate that will be necessary to support
the prototype (4/1/99, 2 months).

Objectives Accomplished in Phase 1

All of the objectives st-forth in the Phase 1 pat of the proposed project proposa have been
accomplished to satisfaction.

Summary of Significant Resear ch Results
In this section we summearize the most Sgnificant research results of the Phase 1 effort.

Preliminary Motor and Generator Results
A few sdected results are presented based on the Phase 1 tasks. Initidly, the results from motor
peed edtimation are presented. One such set of results, shown in Figure 1, depicts the results of
the neural network speed estimation algorithm for 370% load change. The results are compared
to speed edimates obtained by the extraction of harmonics from dectric current measurements.
The average estimation error is about 3 rpm, with the peak error a 7.5 rpm. Figure 2 depicts the
results of the speed edimation agorithm in the event of two broken rotor bars. The average error
is about 2.2 rpm and the pesk error is about 13 rpm. Findly, in Figure 3, a st of comparative
speed edtimation results is depicted. First the generator speed sgnd is shown, followed by the
de-noised speed etimate and the neurd network speed edtimate. The sgna de-noisng is
performed usng a wavele-based agorithm. Also shown are the speed measurements obtained
by ahand-held tachometer.

Har dwar e Set-up Prototype Requirements
Based on our prdiminay andyds, it is envisoned to have the hardware sat-up with three
fundamentd sections (motor, gearbox, and pump) coupled with conventiond shaft couplings.
The requirements of the hardware set-up have been defined as follows:
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Motor:

One horsepower, three phase induction motor with a maximum rated speed of about 1780
rpm.

The end bdts will be removed and an independent, adjustable bearing support will be
provided at each end to secure the rotor. This will enable one to introduce pardld and
angula midignment from end-to-end. Of course, the smdl rotor to dtator ar gap
resricts the amount of permissble misdignment. The bearings will be replaceable 0
that smulated bearing faults can be introduced.

The rotor will be replaceable so thet a defective rotor such as poor balance, broken rings
and bow can be introduced.

The sator will be secured to the motor housing, which the machine frame will support.
The dmulation of winding defects such as shorted end-turns and Stator sag are possible,
but this would require some modification.

Provison will be made to mount transducers on the bearing supports and the tator
housng for vibraion dudies Tri-axia accderation readings will be obtained a both
bearing housings.

Regarding the introduction of actud eectrica faults, some additiond analysis will be needed to

cdculate the staged faults being staged.

Controller:
A standard industrid qudlity inverter would be provided to permit speed changes.
Relocating leads on a termina block would permit powering the motor directly from a
three-phase voltage source or from the controller. The same termina block can be used
to access voltages and currents on all three phases.

Speed and Torque Sensors:

Provison will be made to monitor speed and torque between the motor and the gearbox.
Some additiond andyss will be needed to determine the type of the speed and torque
sensors to be ingtaled.

Gearbox:

The gearbox will be a pardld shaft reducer with two gears. The gears will be accessible
for introducing defects. Gears can be provided with damaged teeth, missng teeth, and
worn teeth. Since this is not a sandard gearbox, some additional andysis will be needed
prior to ingtdlation. Bearingswill be replaceable.
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Provison will be made to mount transducers for vibration studies. Tri-axid accderation
readings will be obtained a both bearing housings.

To best smulate a red load, a centrifugd style liquid pump will be employed. Since the
liquid (say water) is reatively incompressble, the pulsation from the vanes as they pass
the cutwater will be prominent in the vibration spectrum.

The pump system will have a pump, discharge vave for adjusting the back pressure, head
tank, and vave on the pump suction for introducing cavitation. Insrumentation will
include a discharge pressure gauge and suction pressure gauge.  Additiondly, a flow
meter will be added. Typicd fault smulations could be a missng impdler vane, a
damaged impdller vane, and cavitation.

Provison will be made to mount transducers for vibration studies. Tri-axid acceleration
readings will be obtained a both bearing housings.

The test-bed with the aforementioned requirements will be assembled and tested in Phase 2 of

the project.

Project Related Accomplishments
Graduate Student Theses and Dissertations
The following graduate dissertations are being pursued with funds from this project:

1. R. M. Bharadwagj, “Adaptive Nonlinear State Filtering for Electric Machine Speed Estimation,”
PhD Dissertation, in progress.

2. H. Kim, “Mode-Based Fault Diagnosis of Electric Machines Using Neural Networks,” PhD
Dissertation, in progress.

3. S Naendi, “Fault Anadlysis of Electric Machines for Condition Monitoring,” PhD Dissertation, in
progress.

Journal Papers

Thefallowing journd publication has resulted from research that is related to this project:

1. Nandi, S, H. A. Toliyat, and A. G. Palos, “Peformance Andyss of a Sngle-Phase
Induction Motor Under Eccentric Conditions” submitted to the |IEEE Transactions on
Industry Applications, August 1998.

Conference Papers
The following conference publications have resulted from research that is related to this project:

1. Nandi, S, Toliyat, H. A., and Parlos, A.G., “Peformance Analyss of a 3-Phase Induction
Motor Under Mixed Eccentricity Conditions” Second Internationa Conference on Power
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Electronics, Drives and Enggy Sysems for Indudtrid Growth, Peath, Austraia, November

30 — December 3, 1998.

. Bharadwgj, R, A. G. Parlos, H. A. Toliyat, and S. K. Menon, “A Neura Network-based
Speed Filter for Induction Motors. Adapting to Motor Load Changes” Proc. of the
International Joint Conference on Neurd Networks, Washington, D.C., June, 1999.

Bharadwg, R, A. G. Parlos, H. A. Toliyat, and S. Nandi, “A Neurad Network-based Speed
Filter for Induction Motors. Adapting to Motor Condition Changes” IEEE Internationd
Conference _on Diagnostics for Electricd  Machines, Power Electronics, and Drives, Dijon,

Spain, September, 1-3, 1999.

1800

1790

1780

1770

Speed (rpm)
|_\
\‘
(@]
o

1750

1740

1730

1720
0

Inm'r_n

Speed F

—— Harmonic S?eed Estimate
iite

Response

10
time (sec)

15

Figure 1. Neura network filter response for 0-70% load change using rotor 1.
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Figure 2. Neurd network speed filter response for two rotor broken bars scenario.
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Figure 3. Speed of motor: (a) generator speed signd, (b) de-noised speed sgnd, (¢) shifted-RSH
based speed estimate, (d) neurd network speed filter response, the ‘X' represent the

hand-held tachometer reading.



